Construction processes are very complex and include highly interdependent components subject to complex activity startup conditions. A simulation language based on activity cycle diagrams can express the logic of complex simulation models very effectively. This paper uses Stroboscope, a three-phase activity scanning simulation language based on extended activity cycle diagrams, to model the operations of a quarry.
complex simulation models very effectively. This paper uses Stroboscope, a three-phase activity scanning simulation language based on extended activity cycle diagrams, to model the operations of a quarry.
Although simplified to allow a complete discussion within the space limitations of this paper, this example is representative of the complex nature of construction operations.
STROBOSCOPE
Stroboscope (Martinez, Ioannou and Carr 1994; Martinez and Ioannou 1994 ) is an acronym for STate and ResOurce Based Simulation of Construction ProcEsses. It is a programming language specifically designed to model construction operations. Stroboscope models are based on a network of interconnected modeling elements and on a series of programming statements that give the elements unique behavior and control the simulation.
The character of Stroboscope arises from its ability to dynamically access the state of the simulation and the properties of the resources involved in an operation. The state of the simulation refers to such things as the number of trucks waiting to be loaded; the current simulation time; the number of times an activity has occurred; and the last time a particular activity started. Access to the properties of resources means that operations can be sensitive to properties (such as size, weight, and cost) on an individual (the size of the specific loader used in an operation) or an aggregate basis (the sum of the weights of a set of steel shapes waiting to be erected).
Stroboscope modeling elements have attributes, defined through programming statements, that specify how they behave throughout a simulation. Attributes represent such things as the duration or priority of an activity, the discipline of a queue, and the amount of resource that flows from one element to another, Most attributes can be specified with expressions and have default values that provide the expected behavior.
Expressions are composed of constants; system maintained variables that access the state of the simulation and the properties of resources; user-defined variables; logical, arithmetic, and conditional operators; and scientific, statistical, and mathematical functions.
The attributes of Stroboscope modeling elements allow simulation models to consider uncertainty in any aspect (not just time), such as the quantities of resources produced or consumed (e.g., the volume of rock resulting from a dynamite blast), Attributes also allow models to dynamically select the routing of resources and the sequence of operations; to allocate resources to activities based on complex selection schemes; to combine resources and dynamically assign properties to the resulting compound resource; and to activate operations subject to complex startup conditions not directly related to resource availability (e.g., do not blast rock until all crews of all trades have left the vicinity, the wiring has been inspected, and there are less than 10 minutes left in the current shift).
EXAMPLE: QUARRY OPERATIONS
The effectiveness of activity scanning to model complex processes will be illustrated using a Stroboscope example that optimizes the performance of a rock quarry. The purpose of the quarry is to produce aggregate for use in construction.
Quarry operations include drilling holes into the rock face, loading the holes with explosives, wiring the explosives, blasting the rock, loading rock into trucks, hauling the rock to a crusher, and crushing the rock to produce aggregate.
The performance of the system is measured in terms of the cost per CM (Cubic Meter) of aggregate, and the time required to produce 500,000 CM.
The quarry operates two 4-hour periods daily with a l-hour lunch break. The indirect costs of running the quarry are $150/hr of work time.
Drill and Blast
The drilling crews drill holes into the rock face. The number of drilling crews, NDC, is to be determined. A shooting crew subsequently loads the holes with explosives, wires them, and shoots them. There is only one shooting crew. Each blast requires 25 holes drilled and loaded. Each drilling crew can drill one hole at a time. When 25 holes are drilled, the shooting crew loads the holes with explosives one at a time. In order to shoot the rock, 25 holes must be loaded. The shooting crew announces that the site must be cleared (i.e., the drilling crews, Ioader, and haulers must go away to safety). While the site is being cleared, the shooting crew wires the explosives. After all people and equipment clear the site, the rock is shot. The shooting crew inspects the shot (to make sure that all explosives have been either detonated or neutralized) and announces that "all is clear to return to work. " For safety reasons, the shooting crew cannot load the next batch of 25 holes with explosives before the previous batch of 25 loaded holes is shot. The number of holes drilled is limited to one set of 25 holes ahead of those already loaded. Thus, the maximum number of drilled holes is 50 and the maximum number of loaded holes is 25. The cost of a drilling crew is $60/hr and the cost of the shooting crew is $40/hr. Each blast produces 1200 CM of rock. Due to site limitations, the amount of rock already shot (waiting to be loaded and hauled) must not exceed 2400 CM.
Load and Haul
There is only one loader: a single 3 CM shovel. It loads 12 CM haulers. The haulers haul downhill and return uphill.
The number of haulers, NHL, is to be determined. The loaded haulers dump, one at a time, into a hopper at the crusher. The loader costs $50/hr. Haulers cost $40/hr when operating and $35/hr when idle.
Crushing
The crusher has a 96 CM hopper. The crusher does not operate with less than 12 CM of uncrushed material loaded in its hopper. The crusher costs $65/hr when operating and $55/hr when idle and waiting for rock.
Objectives and Strategy
The purpose of the study is to determine the number of drilling crews and haulers that give the lowest cost per CM of aggregate. The time required to produce the 500,000 CM is also of interest.
Since the system output is the production of aggregate, the load and haul operations that supply rock to the crusher must never stop during work hours (if possible). Thus, the optimal strategy for the operation of the quarry is to shoot only during the lunch break and/or right after the afternoon shift (i.e., "shoot during breaks") when the load & haul operations stop any way.
Individual activities that start close to a break are not preempted by the end of a shift. To compensate for this "working into the breaks", activities do not start when there are less than 6 minutes left in a shift.
In order for shooting to take place during a break, all the necessary conditions must be satisfied at least 6 minutes before the end of the shift. The decision and announcement to shoot can take place as much as 12 minutes before the end of the shift (but not earlier).
Shooting during work hours can occur only when there is no rock to load and haul (i.e., the loader and haulers are idle and waiting for more rock to be blasted), and there are 25 holes already loaded with explosives. In this case, it does not make sense to wait until the next work break in order to shoot because all operations would then stop during work hours anyway (with the possible exception of drilling extra holes).
SOLUTION
Stroboscope models consist of a graphical network and a series of programming statements (the network is also defined via programming statements). This discussion will go through the network and explain all the details required to solve this problem completely. Figure 1 shows the network for this model. At an abstract level, the Combi activities (rectangles with cutoffs in the top-left corner), Normal activities (rectangles), and Queues (large circles with a slash in the bottom right corner) shown in this figure are similar in appearance and function to Cyclone modeling elements (Halpin and Riggs 1992) Crush finishes, it releases the rock (which is now aggregate) to the Agrgt Queue (through RK8). Crush returns the crusher to CrshrIdle (through CR2).
The Network
At the bottom of Figure 1 there is an isolated network fragment that represents a 24-hour clock and through which a "tick" cycles. The name of an activity followed by a dot and the word "CurInst" returns the number of instances of the activity currently taking place. The ampersand "&" is the logical AND operator, the pipe "l" is the logical OR operator, and the exclamation " !" is the logical NOT DrillHole instances obtain only one resource, a drilling crew from DrlCrwReady.
When an instance of DrillHole terminates, the drilling crew returns to DrlCrwReady.
There is, however, no hole to release through link HOI.
Since the default is to release whatever was acquired, zero holes will be released through HOI. The name of an activity followed by a dot, the name of a resource type, another dot, and the word "Count", returns the amount of resource of the given type in the instance of the activity that is "in context". Thus, AcmDrilledHoles.
Holes. Count returns the number of holes in AcmDrilledHoles.
The Consolidator will "consolidate" when the number of holes accumulated reaches 25. The ConsolidateWhen attribute is evaluated only when (and every time) a resource enters the Consolidator. When the Consolidator instance "consolidates" (finishes), it terminates and releases all the resources to HlsRdyToLoad. The LoadHole Combi requires a Semaphore to stop it from starting when too many holes have already been loaded. The following Semaphore considers this fact as well as other issues mentioned earlier:
The name of a Queue followed by a dot and the word "CurCount" returns the current content of the Queue. Thus, LoadHole will start only if a blasting has not been announced, (and) during working hours, and if the number of holes already loaded is less than 25.
The test-head for the AnnounceBlast Combi is a little bit more compllex (both the Combi's Semaphore and the incoming link's Enough attribute must be specified). The Semaphore looks as follows:
The first part of the test-head is successful if the amount of rock in RockToLoad is at most 1200 CM (so that the result of a new blasting does not make the total amount of rock exceed the maximum of 2400 CM), and either there is not enough rock to fill a hauler or the shift will end soon.
If the Semaphore for AnnounceBlast returns TRUE, the second part of the test-head must be checked. The crusher operates during working hours and must leave at least 12 CM of rock in the hopper (in addition to the 12 CM it crushes). Thus: The crusher is a good example of the flexibility that comes about by separating the concept of sufficiency (Enough) and actual use (DrawAmout). The crusher requires that the hopper contain at least 24 CM of rock, but it only removes 12 CM.
Source Code
The entire model for the quarry operation was presented in the previous subsections. There are no elements of the model that are not either shown directly in Figure 1 , or explicitly and individually discussed above.
There is a one to one mapping of the information in Figure 1 were performed until the 90% confidence interval on unit cost (for each pair) was at most $0.021CM. Figure 2 shows NDC, NHL, Rpl (the number of replications required), and the 90% confidence intervals on total time and unit cost. 
